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The main objective of this paper is introducing a so-called continuum numerical model to overcome some of the limitations of the mass–spring–dashpot
systems. Two continuum numerical schemes including a ﬁnite difference method (FDM) and a ﬁnite element method (FEM) are utilized. Unlike the previous
continuum numerical models, the adopted models follow a signal matching procedure similar to lumped models. A real driven pile that has been carefully
monitored is considered for model veriﬁcation and validation, for which the dynamic and static test results, soil proﬁle and soil characteristics are available.
Among the major advantages of the model are considerations of soil inertia and/or radiation damping effects. A signal matching procedure is followed by
changing the strength and deformation parameters of the soil and interface between pile–soil, both at the “End-Of-Drive” (EOD) and “Beginning of Restrike”
(BOR). The results indicate a substantial increase in the soil strength parameters of the pile–shaft interface and the soil modulus below the pile tip at restrike. It
is found that the effect of radiation damping signiﬁcantly changes the pile–soil stiffness during pile hammering. The comparisons between FDM and FEM
predictions show very good agreements. Two sets of parameters involved in signal matching are introduced for EOD and BOR signal matching analyses, to
compare the variations during the soil setup process. The parameters are also compared against the in situ soil parameters acquired from soil investigation data.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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A signal matching analysis using the 1-D wave equation
analysis of piles (WEAP) on the basis of Smith (1960) model
is widely used (e.g., Rausche, 1970; Goble and Rausche, 1980)
to distinguish between the tip and shaft resistances, to
determine the frictional resistance distribution along the pile
shaft and to calculate the compressive and tensile stresses
during pile driving. Since this method is based on the lumped
mass–spring–dashpot concept, it has the following limitations:1.ElsThe surrounding soil inertia is not considered.
2. Energy loss attributed to radiation damping is not included.evier B.V. All rights reserved.
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(RaUncommon parameters at the soil–pile interface such as
quake (instead of common soil parameters such as E, c and
ϕ) are considered.4.Fig. 2. Example responses of (a) Randolph and (b) Smith shaft models
(Randolph, 2003).Application of a single parameter J for both radiation and
viscous (rate-dependent) dampings without distinguishing
the conditions before and after soil–pile slip.
Several attempts have been made to overcome the limita-
tions of lumped models (e.g., Simons and Randolph, 1985; Lee
et al., 1988; Randolph, 2003). Fig. 1 shows a modiﬁed lumped
model proposed by Randolph (2003) in which viscous and
inertia damping effects are distinguished. The pile–soil inter-
face is represented by a plastic slider and a viscous dashpot,
while the surrounding soil is simulated using an elastic spring
parallel to an inertial dashpot. The dynamic shear resistance
response at interface as a function of shear wave velocity,
displacement and particle velocity of soil is expressed as
τG w
d
þ v
vs
 
rτlim ð1Þ
in which G is soil shear modulus, vs is shear wave velocity of
soil equivalent to
ﬃﬃﬃﬃﬃﬃﬃﬃ
G=ρ
p
, ρ is soil density, d is pile diameter,
and w and v, respectively, are soil displacement and particle
velocity at the pile–soil interface. A limit shear resistance, τlim,
is deﬁned as a function of velocity as expressed below:
τlim ¼ τs 1þm
Δv
v0
 n 
ð2Þ
τs is the static shear strength at the pile–soil interface, m and n
are viscosity parameters and Δv is sliding velocity between
soil and pile, normalized by v0 assumed 1 m/s for simplicity.
Litkouhi and Poskitt (1980) proposed n between 0.2 and 0.5
and m between 0.3 and 0.5 for sand and 2 and 3 for clay.
The analysis results of responses from Eqs. (1) and (2) as
well as Smith (1960) are shown in Fig. 2(a) and 2(b),
respectively, from a real case example presented by
Randolph (2003). Comparing the two responses indicates that
with inclusion of a dashpot–spring representing the so-called. 1. The dynamic soil–pile shaft model to account for inertial damping
ndolph, 2003).radiation damping, the initial response of the system has
considerably increased.
To more accurately simulate the pile response during driving,
attempts have been made to adopt so-called continuum methods
such as Finite Element and Finite Difference Methods (FEM,
FDM) (e.g. Smith and Chow, 1982; To and Smith, 1982; Coutinho
et al., 1988; Borja, 1988; Nath, 1990; Mabsout and Tassoulas,
1994; Mabsout et al., 1995; Mabsout and Sadek, 2003; Mahutka
et al., 2006). Some of these studies have adopted sophisticated
models such as bounding surface plasticity (Mabsout and co-
authors contributions as cited above) and hypoplasticity (Mahutka
et al., 2006) to enable the pile penetration simulation. Most of them
have focused on the radiation damping issue in the continuum
model as an advantage compared to lumped Smith-type models
frequently used in practice. All the studies were theoretical
however, with no comparisons made with ﬁeld measurements.
Some have proposed that veriﬁcations are necessary such as
comparison of model predictions with ﬁeld results. A more detailed
evaluation of the above literature is provided in Feizee Masouleh
(2008) and Feizee Masouleh and Fakharian (2008).
Feizee Masouleh and Fakharian (2008) and Pinto and
Grazina (2008) are known to have made the ﬁrst attempt to
Water table 
(1m below the ground) 
Pile tip location 
(23m below the ground) 
CL (soft) 
CL, some lenses of SC 
CL (soft to medium stiff) 
CL (very stiff) 
ML 
SM 
Fig. 3. SPT and soil proﬁle (Fakharian, 2003).
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Feizee Masouleh and Fakharian (2008) developed an axisym-
metric FDM model and carried out a signal matching analysis
on the pile driving results of a pile driven in sandy layers of
Netherlands. The CPT proﬁle of the soil strata, static load
settlement curve and dynamic test result for this pile were
available. Soil parameters below and around the pile tip, at the
interface and at the surrounding soil were varied to match the
PDA test record. It was found that a very high elastic modulus,
E, needs to be assigned to the soil below and around the pile
tip, to match the computed and measured positive force
reﬂection from tip. However, the effects of soil setup and
differentiation between EOD and BOR were not investigated
in that study. As such, how the results of the soil setup effects
can be used to change the soil parameters for signal matching
purposes remains unclear.
The main objective of this paper is to distinguish between
the conditions of End-Of-Drive (EOD) and Beginning-Of-
Restrike (BOR), using continuum numerical models such as
FDM and FEM. Non-linear axisymmetric models are used for
the signal matching analysis of a real driven pile for which the
soil proﬁle and geotechnical data, static load test, and dynamic
load test data at EOD and BOR are available along with CAse
Pile Wave Analysis Program (CAPWAP) signal matching
analysis results. The soil and interface parameters are deter-
mined through a signal matching analysis. The static load-
settlement response of the pile was predicted using the
matched parameters resulted from BOR. The results of the
two numerical models are compared to each other and also to
the results of a CAPWAP analysis and the effect of radiation
damping on pile response is investigated.
2. Case study pile
The study area is located at the Efﬂuent Treatment Plant, or
ETP-II of Fajr Petrochemical utility plant in PetZone of
Mahshahr, in the northwest of the Persian Gulf lowlands.
A total of 9 boreholes were drilled at the study site, 8 of which
were to a depth of 40 m and one to 50 m. Disturbed and
undisturbed sampling was carried out to determine the physical
and mechanical properties of different soil layers, and an SPT
test was carried out at intervals of 1.5–2.5 m. The SPT data
and soil proﬁle are presented in Figs. 3 and 4, respectively,
down to 30 m. It is emphasized that the study site is absolutely
ﬂat and the elevation of all the boreholes was exactly the same.
Therefore, only the depths of the boreholes are shown in the
ﬁgures. The soil deposits are divided into 6 layers, consisting
of very soft to very stiff clay and silty clay layers, with
sublayers, lenses and seams of ﬁne sand with SPT N-values of
2–5 in the soft layers and below 30 in the medium to very stiff
layers. The SPT N-value increased to above 50 in the very
dense sand of layer 6 (Fakharian, 2003).
Eight test piles were driven at the study site adjacent to the
boreholes. The precast reinforced square concrete piles,
40 cm 40 cm cross section, composed of two 12 m segments
(spliced), were driven to embedment depths of 19–23 m using
an IDI-IDH-35, which is a single-acting diesel hammer 35 kNram in weight. A pile dynamic test (PDA) was carried out
along the ﬁnal several meters of each pile at EOD. Also,
restrike tests were performed within 16–24 h from initial drive
on 6 piles. A high rate of dissipation of excess pore water
pressure and associated soil setup was expected because of the
existence of sand seams, lenses and sublayers, which were
distributed randomly in the CL and ML layers. A signal
matching analysis using CAPWAP was carried out to distin-
guish between the tip and shaft resistances. Pile no. 23 (ET-
P23) is selected in this study. A static load test was carried out
on this pile to plunge failure 4 weeks after the initial drive.
3. Numerical model
In order to beneﬁt from the axisymmetric feature of the 2D
numerical model, a 0.45 m diameter circular pile is assumed to
have an average correlation with both the cross section area
and the circumferential area of the main pile (0.4 m2). The pile
tip is embedded in a stiff to very stiff layer of clay (layer 4),
while the pile shaft is mostly surrounded by very soft to soft
clay (Figs. 3 and 4). The distances between the pile tip and
shaft to the horizontal boundary (at the bottom) and vertical
boundary, respectively, are 6 m. The distances are selected
with attention on attenuation of the propagated waves near the
boundaries, as evaluated in Section 4.1.3. To account for stress
concentrations near the pile shaft and tip, the mesh sizes are
7.5 cm × 7.5 cm within 3 m, beyond which the mesh size
increased to 15 cm × 15 cm extended to the boundaries, in the
FDM model, as shown in Fig. 5a. Accordingly, the mesh sizes
near pile tip and shaft are ﬁne and become coarser as the
boundaries in the FEM model are approached (Fig. 5b).
The elasto-perfectly plastic model with Mohr–Coulomb
(MC) failure criterion was used for the soil material. The
parameters were selected on the basis of both lab and in situ
geotechnical data, at the start point of the analysis. Most of the
signal matching analyses were performed using FDM numer-
ical software FLAC-2D (FLAC, 2001). For further veriﬁcation
purposes, several of the analyses were repeated with the FEM
model PLAXIS 8.2 (PLAXIS, 2007).
Fig. 4. The axisymmetric pile–soil model for pile driving simulation.
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data (Fakharian, 2003) adopted for the ﬁrst attempt of EOD
and BOR analyses are presented in Table 1. Both total and
effective strength parameters (cu, ϕu and c
0
, ϕ
0
) are included in
the table. For soil deformation parameters, the total and
effective elastic modulus parameters (E and E') are speciﬁed
to be equal, but different Poisson's ratios are proposed. At the
EOD condition, undrained total stress parameters are adopted.
Therefore, neither the hydrostatic nor the induced pore
pressure parameters were involved in this stage of the analysis.
As volume change variations are zero under the undrained
condition, Poisson's ratio near the pile tip was speciﬁed as
0.495 (practically 0.5). At the BOR condition, on the other
hand, drained effective stress parameters were adopted. Thegroundwater table was speciﬁed at a 1 m depth. Two-phase
elements were used in drained analysis to account for hydro-
static pore water pressure. Since the analysis was performed
for a single blow only, both during the EOD and BOR
conditions, the pore-water-pressure variations were not
included in the analyses.
3.1. Interface element
Interface element was speciﬁed between the pile shaft and
surrounding soil with MC failure criterion to facilitate the
relative displacements. The interface element shear strength
was deﬁned by cu and ϕu at EOD in both FDM and FEM
models. At BOR, however, c0 and ϕ0 at the interface were
speciﬁed in both the numerical models to account for the soil
setup effects.
The deformation parameters of the interface were divided into
elastic and plastic. In both the FDM and FEM models, the
interface elements follow a Mohr–Coulomb type plastic ﬂow after
the shear resistance is reached at the pile–soil interface. The
interface in the FDM model is a zero-thickness element in which
two normal stiffness (Kn) and shear stiffness (Ks) parameters were
speciﬁed to account for elastic deformations of the interface
before sliding. In the FEM model, on the other hand, the
thickness of the interface and the elastic modulus were speciﬁed,
the combination of which shall determine the Kn and Ks
considering the speciﬁed E, G, ν and the thickness of the element.
Material viscosity at the pile–soil interface was introduced
as a viscous damping parameter in the FDM model deﬁning a
velocity-dependent shear stress using Eqs. (1) and (2), with the
parameters m, n, and V0 speciﬁed as shown in Table 2. While
the recommendations of Litkouhi and Poskitt (1980) were
initially followed to adopt m and n, eventually it was
discovered that the best match was achieved by specifying m
and n as equivalent to 0.6 and 0.2, respectively. V0 was
speciﬁed at 1 m/s. An equivalent so-called viscosity damping
was then back-calculated. In the FEM model, the Rayleigh
damping with α and β parameters was speciﬁed. Since the
sensitivity analyses indicated that the Rayleigh damping was
not affected by α for the interface, it was simply introduced by
β parameter in the next sections.
3.2. Signal matching technique
The main difference, in the signal matching procedure for
the FDM and FEM numerical models versus lumped models
such as CAPWAP, is the type of parameters varied in the
analysis. The list of parameters along the pile shaft and at the
pile tip varied during signal matching analysis for the lumped
model (CAPWAP), FDM (FLAC) and FEM (PLAXIS) are
summarized in Table 2. In lumped models, the shear resistance
distribution along pile shaft, Rs, and tip resistance, Rt, are
directly varied. In FDM and FEM continuum models, soil and
pile–soil interface strength parameters, c and ϕ, are varied,
instead.
The total stress parameters, cu and ϕu, and effective stress
parameters, c0 and ϕ0, are speciﬁed for the surrounding soil at
Fig. 5. Geometry, mesh and boundaries of the axisymmetric pile–soil numerical models: (a) the Finite Difference Method (FDM) and (b) the Finite Element
Method (FEM).
Table 1
Soil strength and deformation parameters at EOD and BOR based on the lab and in situ tests.
Soil
layer
Soil type EOD BOR Young's
modulus,
E & E'
(MPa)
Unit weight
(kN/m3)
Undrained friction
angle ϕu
Undrained
cohesion cu (kPa)
Undrained
Poisson's ratio
Drained friction
angle ϕ0
Drained cohesion
c0 (kPa)
Drained
Poisson's ratio
1 CL 12 30 0.45 26 10 0.35 12 18
2 CL,
some SC
12 50 0.40 30 10 0.30 30 21
3 CL 12 30 0.45 26 10 0.35 12 18
4 CL 12 100 0.45 34 10 0.35 35 21
5 ML 12 100 0.30 34 10 0.30 35 21
6 SM 40 10 0.30 40 10 0.30 70 21
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analyses, respectively. These initial parameters are varied at the
interface only, on the basis of the differences between
the computed and measured waves, to achieve a better match
in the subsequent step. The surrounding soil parameters
are kept constant during the signal matching trial and error
process for the shaft resistance. A different procedure is followed
for matching the tip resistance, as explained in Section 4.1.2.4. Results
4.1. End-Of-Drive (EOD) test
4.1.1. Parameters
The soil and interface parameters on the basis of geotechni-
cal data (Fakharian, 2003) including both lab and SPT tests
were adopted for EOD analyses, as presented in Table 1.
Table 2
Comparison of shaft and tip parameters of lumped, FDM and FEM models.
Parameter Model
Lumped (CAPWAP) FDM (FLAC) FEM (PLAXIS)
Shaft Resistance RS c, φ (at interface) c, φ (at interface)
Def. Quake(S) Ks, Knþﬂow rule E, t (interface)þﬂow rule
Damping JS Viscous (variable, Eqs. (1) and (2), m, n, and V0) Rayleigh (α, β)
Tip Resistance Rt c, φ (soil below pile tip) c, φ (soil below pile tip)
Def. Quake(T) E, ν (soil below pile tip) E, ν (soil below pile tip)
Damping JT Local damping Rayleigh (α, β)
Fig. 6. (a) Measured force, and measured and computed Zv wave traces and
(b) measured and computed displacement at the End of Initial Drive (EOID).
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Fig. 6a presents the force (F) and Zv (velocity times
impedance) measured by the installed strain gages and accel-
erometers, respectively, near the pile head as well as the Zv
computed through numerical signal matching analyses using
the FDM and FEM models. Velocity v is in fact the particle
velocity obtained with integration of accelerometer readings
near the pile head with respect to the variable time, t.
Impedance Z is deﬁned as EA/c in which E is the pile elastic
modulus, A is the pile cross sectional area and c is the
longitudinal wave speed traveling through the pile material.
The c for concrete piles is around 3600 m/s. The dimension of
Zv is force, therefore it can be compared to force F on theforce-time plots. The computed Zv wave was obtained from the
velocity time history multiplied by the impedance Z of the pile.
The measured force (F) wave versus time was given as an
input loading of the nodes at the gage-installation elevation
near the pile head. The soil and interface initial parameters of
Table 1 were then speciﬁed for each layer during the 1st
analysis, out of which the Zv at the same nodes is plotted
versus time and compared with the measured Zv. Then the
interface parameters around the pile shaft and the soil below
the pile tip were adjusted in the subsequent trial and error
analyses until a satisfactory match between the measured and
computed Zv results was achieved.
The most important time segment inﬂuencing the results to
adjust the skin friction resistance is between the initial
maximum force (or velocity) down to the tip reﬂex or 2L/c
(L is the length between gages position to the pile tip and c is
the strain wave velocity through the pile), which was about
12.3 ms in this study case. Trial and error on strength,
deformation, and dynamic parameters at the soil–pile interface,
resulted in signal matching of the measured and computed
velocity traces. Fig. 6b represents a comparison between the
measured and computed FDM and FEM predictions of
displacements at the pile head calculated through the area
under velocity wave at the EOD. The ﬁnal parameters utilized
for the match results of Fig. 6 are summarized in Table 3. The
signal matching procedure is described for (1) the shaft and (2)
tip parts separately, as follows:(1) Signal matching around shaft: three sets of parameters are
involved during the attempts of signal matching between
the impact peak (t¼0) and tip reﬂex (t¼2L/c) including
shear strength, deformation and damping, as presented in
Table 2. The shear strength parameters at EOD in both the
FDM and FEM models adjusted were cu and ϕu at the soil–
pile interface. In the FDM model, the Kn and Ks of the
interface were assigned values of 5,000,000 and
50,000 kN/m3, respectively. In the FEM model, a thickness
speciﬁed by PLAXIS itself and the elastic parameters of
the surrounding soil at each layer served as the deforma-
tion parameters of the interface. As there is no damping
deﬁned for the interface in the utilized FDM and FLAC,
velocity-dependent relations of Eqs. (1) and (2) were
implemented in the model, the details of which are
explained in Section 3.1. In both the FDM and FEM
Table 3
Comparison of strength, deformation and dynamic parameters at soil–pile interface resulted from signal matching analysis at EOD and BOR.
Soil layer EOD BOR EOD & BOR Viscous
damping (FDM)
Rayleigh
α=0, β (FEM)
ϕu cu (kPa) ϕ
0
c
0
(kPa) Normal
stiffness (kN/m3)
Shear stiffness
(kN/m3)
1 0 5 5 0 5,000,000 50,000 m=0.6, n=0.2 0.002
V0=1 m/s
2 0 8 30 10 5,000,000 50,000 m=0.6, n=0.2 0.002
V0=1 m/s
3 0 8 26 10 5,000,000 50,000 m=0.6, n=0.2 0.002
V0=1 m/s
4 0 30 34 10 5,000,000 50,000 m=0.6, n=0.2 0.002
V0=1 m/s
Table 4
Comparison of strength, deformation and dynamic parameters below pile tip resulted from signal matching analysis at EOD and BOR.
Block
dimension
under
pile tip
EOD BOR Damping
(FDM)
Damping
(FEM)
ϕu cu
(kPa)
Young's
modulus
(MPa)
Undrained
Poisson's
ratio
ϕ
0
c
0
(kPa)
Young's
modulus
(MPa)
Drained
Poisson's
ratio
Local
damping
Rayleigh
(α=0, β)
3 m 3 m 12 100 60 0.495 34 10 350 0.3 28% 0.01
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adjusted till the computed Zv matched the measured Zv
reasonably well between peak impact and tip reﬂex. The
ﬁnal match parameters of the pile–soil interface are shown
in Table 3.(2) Signal matching at pile tip: in both the FDM and FEM
models, the strength, deformation and dynamic parameters
of the soil media under the pile tip within a 3 m 3 m
block were varied for signal matching purposes. The block
philosophy was explained by Feizee Masouleh and
Fakharian (2008). A local damping ratio was used in
FDM equivalent to 28%, while a Rayleigh β damping of
0.01 was speciﬁed in the FEM for matching purposes. The
ﬁnal matching parameters for the 3 m 3 m block under
the pile tip are presented in Table 4.Variations of a number of parameters with depth are
compared for FDM and the lumped model, CAPWAP predic-
tions. Fig. 7 shows the proﬁles of max compressive stress, max
tensile stress, max velocity and max displacement with depth
for both methods. The compressive stress is shown in positive
whereas the tensile stress is shown in negative. The results from
both continuum and lumped models compare reasonably well.
4.1.3. Effect of radiation damping
In order to evaluate the compressive or the so-called p-wave
propagations, the results of normal stress variations with time
at the pile tip (pile base), 0.5, 1, 2, and 4 m below pile tip
obtained from FDM analysis are depicted in Fig. 8. When the
effect of hammer impact arrives at the pile tip, a compressivepeak (dynamic) normal stress of 3800 kPa is calculated that
drops and dissipates rapidly with distancing from the pile tip.
At a distance of only 0.5 m (about one pile diameter) it is
reduced to 1100 kPa, which is considerably less than that at the
pile tip. At distances over 1 m (2 pile diameter), the effect is
negligible. It needs to be remembered that the soil elastic
modulus within a depth of 3 m below pile tip was substantially
increased to compensate for the increase in soil density due to
the driving effects as well as the high conﬁning effect at the
pile tip embedment depth. The increase of the elastic modulus
of the soil to about twice that of the initial modulus in the
block below the pile tip served to compensate for the
substantial increase in soil impedance.
Fig. 9 presents the normal stress at the pile tip versus the
pile tip displacement under static as well as dynamic condi-
tions with soil viscous damping of 5 and 28 percent, obtained
from the FDM analysis. It is pointed out that the initial
stiffness under the dynamic condition is 10 times greater than
the static response, irrespective of the viscous damping
magnitude. The difference in the initial stiffness is attributed
to the inertial (or radiation) damping which is already
accommodated by the inertia of the soil surrounding the pile
and below the pile tip. While the viscous damping had little
effect on the initial stiffness, it signiﬁcantly increased the
maximum compressive stress at the pile tip, from 1700 kPa
(5% damping) up to 3800 kPa (28% damping).
To further clarify the effect of the radiation damping of the
surrounding soil mass, the results of signal matching analyses
from the continuum model are compared with ﬁeld measure-
ments of the force wave. The analysis was repeated with all the
same parameters of the matched signal, but with a surrounding
Fig. 7. Comparison of continuum and classic model results at EOD.
Fig. 8. Variation of normal stress from FDM analysis at different distances
below pile tip.
Fig. 9. Static and dynamic response of pile tip from FDM numerical modeling.
K. Fakharian et al. / Soils and Foundations 54 (2014) 155–167162soil mass equivalent to zero. Fig. 10 clearly shows the
importance of considering radiation damping. This huge gap
between the two analyses is compensated for in the conven-
tional lumped models through viscous damping at the pile
shaft, which is far from reality.
4.1.4. Static load test simulation
A comparison is made between the model prediction and the
real static load test results. Fig. 11 presents the axial loadversus pile head displacement for the static load test, the
continuum models (FDM and FEM), and the CAPWAP
predictions. The analyses are carried out using the strength
and deformation parameters obtained from the signal matching
analyses described in Section 4.1.2. While there is a fairly
good correlation between the continuum models and the
CAPWAP predictions, the initial stiffness and pile capacity
measurements from the static load test are signiﬁcantly higher.
This was expected since the static load test was carried out 4
weeks after the EOD date, during which substantial soil setup
occurred. A better match would be expected then from the
restrike dynamic test results presented in Section 4.2.2.
The ultimate capacity for the continuum model was mea-
sured at 620 kN, from which 280 kN is the shaft resistance.
Fig. 10. The damping effect of medium mass around pile in the FEM
numerical model.
Fig. 11. Static load test simulation results (FEM, FDM, CAPWAP) compared
with the real test result.
Fig. 12. Calculated distribution of shear stress on the pile shaft (FDM).
K. Fakharian et al. / Soils and Foundations 54 (2014) 155–167 163The shaft resistance distribution from the FDM model is
presented in Fig. 12. The trend of the variation in the stress
distribution with depth resembles the SPT variations in Fig. 3.
The CAPWAP total capacity was reported as 792.5 kN, from
which 496 kN was attributed to the tip and 296.4 kN was the
shaft resistance. The values are comparable to the continuum
model predictions.4.2. Restrike test
4.2.1. Parameters
The required parameters on the basis of geotechnical data at
the Beginning of Restrike (BOR) signal matching analysis are
presented in Table 1. The effective stress parameters are
speciﬁed as the starting point for the BOR, compared to the
EOD, in which the total stress parameters were tried. The
elastic modulus, E, was assumed to have the same values for
both the total and effective stress conditions.4.2.2. Signal matching analysis results at BOR
The strength and deformation parameters required to match
the computed signal with the measured signal for pile–soil
interface and soil below the pile tip are presented in Tables 2
and 3, respectively. The measured force, measured Zv, and
computed Zv using both FEM and FDM results versus time are
presented in Fig. 13a, using the parameters of Tables 2 and 3.
A good setup is observed in Fig. 13a for the skin friction along
the pile shaft which is the area between force and Zv signals.
Compensation for the increase in skin friction between the
time period of 4 weeks between EOD and BOR was achieved
in signal matching with a considerable increase in the ϕ angles,
as shown in Table 3. The other parameter to note is the elastic
modulus of the 3 3 m2 block below the pile tip, which
increased from 60 at the EOD to 350 MPa at the BOR. Such an
unusually high elastic modulus was required both in the FDM
and FEM analyses to capture the compressive (þve) response
of the pile tip equivalent to 0.5 MPa at 2L/c. This observation
is similar to that reported in Feizee Masouleh and Fakharian
(2008) and Pinto and Grazina (2008). The measured and
computed displacements at the BOR are presented in Fig. 13b,
indicating a reasonably good match. The residual pile head
displacement, known as set in pile driving, is 2.5, 4.2 and
5.8 mm for measured signal, FEM and FDM, respectively.
A few other parameters were evaluated and compared from
the classical model (CAPWAP) and the continuum model
(FDM) predictions. Fig. 14 presents the max compressive
stress, max tensile stress, max velocity and max displacement
along the pile shaft. The results from both methods show
reasonably good agreement. A comparison of the max tensile
stresses of Fig. 14b with those at Fig. 7b indicates a decrease
from 2.7 MPa (EOD) to 0.2 MPa (BOR). This was compen-
sated for in the continuum model by specifying a high elastic
modulus, as explained above.
4.2.3. Effect of radiation damping
Fig. 15 shows the radial variations of shear stress in
surrounding soil at depth 17 m (mid-layer 3) and at different
spacings of 0, 0.5, 1, 2 and 4 m from the pile skin. The shear
Fig. 13. (a) Measured force, and measured and computed Zv wave traces and
(b) measured and computed displacement at BOR.
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G¼ E
2ð1þυÞ ¼
12 MPa
2ð1þ0:45Þ ¼ 4:14 MPa
Vs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4:14 106
1800 kg=m3
s
¼ 48 m=s
The calculated shear wave velocity of 48 m/s complies with
the maximum shear stresses of Fig. 15 at different spaces. The
ﬁgure shows, however, that the shear wave velocity amplitudes
substantially attenuate with distance from the pile skin, almost
becoming zero close to the vertical boundaries. The shear wave
velocity propagation is noticeable up to 2 m from the pile skin,
which is equivalent to 4 pile diameters. This implies that the
vertical boundaries in the model have been spaced sufﬁciently
far from the pile skin.
Fig. 16 presents the mobilized shear stress at pile–soil
interface at the embedment depth of 17 m. The dynamic and
static responses are compared to each other. The comparison
between static and dynamic responses highlights the effect of
soil inertia or radiation damping, as the stiffness of dynamic
friction is about 3 times higher than that of the static friction.
In fact, the dynamic “skin quake” is smaller than the static
elastic limit displacement.
To study the compressive stress or p-wave propagation, the
variations of normal stress with respect to time are plotted at0.5, 1, 2 and 4 m below the pile tip, as shown in Fig. 17. The
peak dynamic normal stress at the pile tip was 5000 kPa,
rapidly reducing with distance below the pile tip. For example,
only 0.5 m below the pile tip (about one pile diameter), the
peak normal stress was reduced to 2200 kPa. At distances of
1 m and below (2 pile diameters), the induced normal stresses
are negligible.
Fig. 18 shows that the inertia or radiation damping has
increased the pile tip dynamic initial stiffness to about 2 times
of the static one. To differentiate between radiation damping
and viscous damping, the soil viscous damping under the pile
tip was reduced from 28% to 5%, but no difference is observed
in the initial stiffness. The maximum strength, however, was
substantially reduced. Therefore, it can be stated that the
radiation damping is the dominant factor in controlling the pile
tip dynamic stiffness, which is overlooked in conventional
lumped models.
4.2.4. Static load test simulation
The axial load versus pile head displacement results from
the static load test, continuum models (FDM and FEM) and
classic model (CAPWAP) signal matching predictions are
presented in Fig. 19. A reasonably good correlation exists
between the predictions and test as far as the initial stiffness
and capacity are concerned. The comparison between the three
methods for ultimate capacity and tip and shaft resistances are
presented in Table 5. A very good setup is observed compared
to the results of EOD, in particular at the shaft resistance. This
was further clariﬁed in Fig. 20, which shows the mobilized
shaft stresses with respect to depth, with a substantial increase
compared to the EOD of Fig. 12.
5. Discussion
It should be noted that the undrained strength parameters
were speciﬁed in the total stress analysis of the EOD. In the
BOR analysis, on the other hand, the drained strength
parameters with effective stress analysis were used. The
overall substantial increase in strength parameters (shown in
Table 3) is due to the considerable dissipation of the excess
pore water pressure resulting from pile driving during the 16 h
period from the initial drive. The rapid alteration in the
strength parameters is attributed to the existence of randomly
distributed sand seams, lenses and sublayers within the ﬁne CL
and ML soil layers, increasing the permeability of the strata.
The most important observation in the case of the pile tip is
the substantial increase in the elastic modulus, increasing by a
factor of 6 within 16 h of the soil setup (Table 4). In other
words, such an unusual increase in the elastic modulus is
required to enable matching the computed and the recorded
signals at BOR. The high elastic modulus in fact facilitates a
large enough impedance in the soil below the tip to reﬂect a
compressive wave, detected at 2L/c of 12.3 ms, which is
equivalent to about 0.5 MN. This is while during EOD, the
reﬂected force at 2L/c was about zero, with an elastic modulus
of 60 MPa. An elastic modulus of 350 MPa was also necessary
for the static load test simulation to compare with the ﬁeld
Fig. 15. Variation of shear stress in soil at different distances from pile shaft.
Fig. 16. Static and dynamic pile shaft response at embedment depth of 17 m.
Fig. 14. Comparison of continuum and classic model results at BOR.
K. Fakharian et al. / Soils and Foundations 54 (2014) 155–167 165data. Similar large magnitudes for the elastic modulus have
also been reported for sand (Feizee Masouleh and Fakharian,
2008; Pinto and Grazina, 2008). More case studies with
instrumented static load tests are essential to further clarify
the issue of the high elastic modulus required below the
pile tip.
In addition, more advanced constitutive models along with
large-deformation analyses need to be adopted to investigate
the pile installation effects. The installation effects include soil
compaction under the pile tip, soil compaction around the pileshaft, the generation of excess pore-water-pressure and sub-
sequent dissipation after the driving operations. The cavity
expansion resulted from pile penetration causes alterations in
the stress state, most notably an increase in the effective radial
(horizontal) stress with respect to the initial K0 condition.
Attempts have been made lately to distinguish between the
dissipation of excess pore water pressure and the so-called
aging effects of the soil setup around the pile shaft (e.g.
Haddad et al., 2012). Similarly, the stress state under and
around the pile tip shall be altered after the pile installation. If
such effects are implemented in the numerical model, then is
expected that the signal will be matched with somewhat
different strength and stiffness parameters. The authors are at
present carrying out such studies in order to improve the
K. Fakharian et al. / Soils and Foundations 54 (2014) 155–167166numerical model to consider the stress-state variations which
result from pile installation and also to increase the match
quality between the measured and predicted signals.
In codes prepared for a signal matching analysis, there are
usually options such as the match quality number. In CAP-
WAP for example, if the value of this number is low, i.e.Fig. 17. Variation of normal stress at different distances below pile tip.
Fig. 18. Static and dynamic pile tip response.
Table 5
Total resistance, tip and shaft resistances from continuum (FDM) and classic analy
Tip resistance (kN) Sha
EOD BOR EO
CAPWAP analysis 496 811 296
Model (FDM) 340 1150 280
Static load test – – –
Fig. 19. Static load test simulation results (FEM, FDM, CAPWAP) compared
with the real test result.around 2–3, the match quality is considered good. Such
numbers are absolute values of the differences between the
calculated and measured quantity at each selected point in
time. Also, comparisons may be made for a measured and
computed set per blow to further adjust the number. Rather
than to develop a professional code of practice, the objective of
the research work reported in this paper at this stage was to see
if the signal matching through continuum models could work.
6. Conclusions
An attempt was made to incorporate two continuum models,
an FDM and an FEM, to carry out signal matching analyses
both at the EOD and the BOR and to compare the results with
ﬁeld observations. The most important ﬁndings are summar-
ized below:1.ses
ft re
DThe application of the FDM and FEM continuum models
for signal matching analyses was successfully validated
through a comparison with pile dynamic tests at the EOD
and the BOR as well as the static load test for a well-
documented concrete pile driven in clay.2. The most important advantage of the continuum models
over the lump models is the adoption of conventional soil
mechanics parameters. The results of the EOD and the BOR
signal matching analyses reveal magnitudes for strength and
deformation parameters that may be lower or higher than
the in situ soil parameters to explain the soil disturbance
effects resulted from pile driving efforts and the subsequent
soil setup.3. A major advantage of continuum models with respect to the
classical mass–spring–dashpot models is the inclusion ofat EOD and BOR.
sistance (kN) Total resistance (kN)
BOR EOD BOR
796 793 1607
850 620 2000
– 1914
Fig. 20. Calculated distribution of shear stress on the pile shaft.
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that radiation or inertia damping plays an important role in
increasing both the shaft and tip initial stiffness. A
comparison with a former lumped model indicated that
while the trends of continuum and lumped models in
response to driving is the same, the contribution of the
inertia component in the lumped model showed a was 10
times that of the spring, whereas it was in the range of
within 2.4–3 on the basis of the continuum model.4. The shear stress waves resulting from the relative displace-
ment between the pile and soil were considerable, within
4–6 pile diameters. Also, the compressive waves below the
pile tip resulting from the pile head impact were negligible
beyond 2–3 pile diameters.5. A good correlation is established between the load-
settlement predictions from the continuum model at the
BOR condition and the static load test. The strength and
stiffness parameters used for pile capacity and settlement
analysis may be used in analytical methods.6. A comparison of the EOD and BOR signal matching results
revealed that the elastic modulus below the pile tip at BOR
has to be speciﬁed at substantially greater values than the
EOD to enable the matching of the F and Zv signals.
Acknowledgments
The authors would like to thank Fajr Petrochemical Co.,
Mahshahr, Iran for ﬁnancing the static and dynamic load tests
of this study.
References
Borja, R.I., 1988. Dynamics of pile driving by the ﬁnite element method.
Comput. Geotech. 5 (11), 39–49.
Coutinho, A.L.G.A., Costa, A.M., Alves, J.L.D., Landau, L., Ebecken, N.F.F.,
1988. Pile driving simulation and analysis by the ﬁnite element method. In:
Proceedings of the 3rd International Conference on Application of Stress-
Wave Theory to Piles, May 25–27, Ottawa, Canada.
Dynamics Manual, PLAXIS 8x manuals, 2007. PLAXIS b.v., Delft,
Netherlands.
Fakharian, K., 2003. Geotechnical Report Investigation and Recommended
Foundation Solutions, Report #1. ETP-II, Fajr Petrochemical Co., Mah-
shahr, Iran.
Feizee Masouleh, S., 2008. Evaluation of Design Parameters of Pile Using
Dynamic Testing and Analyses (Ph.D. thesis). Amirkabir University of
Technology, Tehran, Iran.Feizee Masouleh, S., Fakharian, K., 2008. Application of a continuum
numerical model for pile driving analysis and comparison with a real
case. Comput. Geotech. 35 (3), 406–418.
FLAC 2D v4.00, 2001. Fast Lagrangian Analysis of Continua, Itasca
Consulting Group Inc., 708 South Third Street, Minneapolis, Minneapolis,
USA.
Goble, G.G., Rausche, F., 1980. Pile driveability predictions by CAPWAP. In:
Proceedings of the 1st International Conference on Numerical Methods in
Offshore Piling, ICE, London, pp. 29–36.
Haddad, H., Fakharian, K., Attar, I.H., 2012. Numerical modeling of setup
effects on pile shaft capacity and comparison with an instrumented case. In:
Proceedings of the 9th International Conference on Testing and
Design Methods for Deep Foundations, September 18–20, 2012, Kana-
zawa, Japan.
Lee, S.L., Chow, Y.K., Karunaratne, G.P., Wong, K.Y., 1988. Rational wave
equation model for pile-driving analysis. J. Geotech. Eng., ASCE 114 (3),
306–325.
Litkouhi, S., Poskitt, T.J., 1980. Damping constant for pile driveability
calculations. Geotechnique 30 (1), 77–86.
Mabsout, M., Tassoulas, J.L., 1994. A ﬁnite element model for the simulation
of pile driving. Int. J. Numer. Methods Eng. 37, 257–278.
Mabsout, M.E., Reese, L.C., Tassoulas, J.L., 1995. Study of pile driving by
ﬁnite-element method. J. Geotech. Eng., ASCE 121 (7), 535–543.
Mabsout, M.E., Sadek, S., 2003. A study of the effect of driving on pre-bored
piles. Int. J. Numer. Anal. Methods Geomech. 27, 133–146.
Mahutka, K.P., Konig, F., Grabe, J., 2006. Numerical modeling of pile jacking,
driving and vibratory driving, Numerical Modeling of construction
processes in Geotechnical Engineering for Urban Environment-
Triantafyllidis (Ed.) Taylor & Francis Group, London (ISBN
04153974480).
Nath, B., 1990. A continuum method of pile driving analysis: comparison with
the wave equation method. Comput. Geotech. 10, 265–285.
Pinto, P.L., Grazina, J.C., 2008. Evaluation of 1D and 2D numerical modeling
techniqes of dynamic pile testing. In: Proceedings of the 8th International
Conference on the Application of the Stress-Wave Theory to Piles, Lisbon,
Portugal, September 8–10.
Randolph, M.F., 2003. Science and empiricism in pile foundation design. 43rd
Rankine Lect., Geotechnique 54, 1.
Rausche, F., 1970. Soil Response from Dynamic Analysis and Measurements
on Piles (Ph.D. thesis), Case Western Reserve University, Cleveland, Ohio.
Smith, E.A.L., 1960. Pile-driving analysis by the wave equation. J. Soil Mech.
Found. Div. 86 (EM 4), 35–61.
Smith, I.M., Chow, Y.K., 1982. Three dimensional analysis of pile drivability.
In: Proceedings of the 2nd International Conference on Numerical Methods
in Offshore Piling, Austin, Texas, pp. 1–20.
Simons, H.A., Randolph, M.F., 1985. A new approach to one-dimensional pile
driving analysis. In: Proceedings of the 5th International Conference on
Numerical Methods in Geomechanics, Nagoya 3, pp. 1457–1464.
To, P., Smith, I.M., 1982. A note on ﬁnite element simulation of pile driving.
Technical notes on practical applications. Int. J. Numer. Anal. Methods
Geomech. 12, 213–219.
